Off-stoichiometric Ni 2 MnIn Heusler alloys have drawn recent attention due to their large magnetocaloric entropy change associated with the first-order magneto-structural transition. Here we present crystal structural, calorimetric and magnetic studies of three compositions. Temperature-dependent X-ray diffraction shows clear structural transition from a 6M modulated monoclinic to a L2 1 cubic. A significant enhancement of relative cooling power (RCP) was achieved by tuning the magnetic and structural stability through minor compositional changes, with the measured results quantitatively close to the prediction as a function of the ratio between the martensitic transition (T m ) temperature and austenite Curie temperature (T C ) although the maximal magnetic induced entropy change (∆S max ) reduction is observed in the same time. The results provided an evaluation guideline of RCPs as well as magnetic-induced entropy change in designing practical active materials.
Introduction
Materials showing the magnetocaloric effect (MCE) have been a source of growing interest because of their potential for an environmentally friendly and energy efficient refrigeration technology.
Recently, many of the off-stoichiometric Heusler alloys based on Ni-Mn-Z (Z=In, Sb, Sn) have been reported to show a large MCE near room temperature [1] [2] [3] [4] [5] [6] [7] [8] . In particular, Ni-Mn-In type alloys have been of interest for their large MCE in the vicinity of first-order magneto-structural phase transitions, and hence have potential application as a working material in magnetic regenerators [9, 10] . Composition maps in the Ni-Mn-In system have been recently developed lending the ability to design materials [11] [12] [13] .
Email addresses: jhchen10@lsu.edu (Jing-Han Chen), nickolaus.bruno@sdsmt.edu (Nickolaus M. Bruno) Since the Ni-Mn-In Heusler alloys undergo a firstorder magneto-structural phase transition, which is intimately related to the change of the longrange crystal symmetry, the crystal structures of the austenite and martensite phases have been widely investigated experimentally [3, 5, 9, [14] [15] [16] [17] [18] [19] [20] [21] . It has been shown that the crystal structures of the martensite phase in Ni-Mn-In Heusler alloys are very sensitive to chemical compositions as well as material processing while the crystal structure of austenite phase remains cubic over a wide range of composition. In this report, temperaturedependent X-ray diffraction spectra are reported. The crystal structures of both martensite and austenite are identified and connected to their magnetocaloric properties. The high-temperature austenite phase is cubic while the low-temperature martensite phase is 6M modulated monoclinic. The crystal structure of the modulated 6M monoclinic
6M monoclinic martensite
Cubic austenite Ni Mn In Figure 1 : 2×2 set of L2 1 stoichiometric Ni 2 MnIn cubic unit cells is shown to illustrate the crystal structure of the monoclinic martensite phase as well as the cubic austenite phase. Illustration shows unit cells for both cases, with 6M structure coming from the monoclinic distortion of the cubic austenite supercell along (1 1 0) direction. In this report, offstoichiometric Ni 2 MnIn samples were prepared so that the concentration ratio of Mn:In is not 1:1. martensite phase can be described as the monoclinic distortion of the 3 × 1 supercell of the austenite phase along (1 1 0) direction. The relation of the crystal structures between the martensite and austenite phase is illustrated in Fig. 1 in case of the stoichiometric Ni 2 MnIn.
One of the common physical quantities used to compare MCE materials is the relative cooling power (RCP), which represents the amount of transferred heat between hot and cold reservoirs in a magnetic refrigeration cycle [22, 23] . We previously presented an analytic model, which was in good quantitative agreement with the experimental results, and predicted RCP enhancement by reducing the ratio between the martensitic transition and austenite Curie temperatures [13] . In this paper, we prepared off-stoichiometric Ni-Mn-In based Heusler alloys with three different compositions. As the concentration of Mn increased, the strength of atomic magnetic interaction is reduced so that the magnetism of the austenite phase was modified from ferromagnetic to paramagnetic. At the same time, the martensitic structural transition temperature increased. The experimental RCPs for these materials are in a good quantitative agreement with the proposed model. By varying the ratio between martensitic transition and Curie temperature of austenite phase, we achieved a significant RCP enhancement while the maximal magnetic induced entropy change was reduced.
Experimental Procedures

Sample Preparation
Bulk polycrystalline Ni-Mn-In alloys were prepared using arc melting in a protective high purity argon atmosphere from 99.9% pure constituents. The samples were homogenized at 900 ℃ for 24 hours under low pressure argon atmosphere and then quenched in room-temperature water. After heat treatment, the ingot was then cut into pieces for different measurements. These heat treating conditions were found to result in single phase martensite or austenite across sharp firstorder transitions as shown below.
The Table 1 . In order to confirm the compositional homogeneity of the annealed samples, we performed the measurement in 5-10 different grains and the composition variation between the grains in each sample was less than 0.5 atomic % while the errors due to the elemental detection limit of the WDS measurements within the microprobe were 0.047 atomic % for Ni, 0.024 atomic % for Mn and 0.007 atomic % for In.
X-ray diffraction
Temperature-dependent high resolution powder X-ray diffraction (XRD) data were collected at the X-ray Science Division beamlines at the Advanced Photon Source, Argonne National Laboratory by using a X-ray wavelength of 0.41Å. After grinding to powders, these samples were heat treated using the same methods as the bulk in order to relax the lattice strain from the grinding process. The temperature-dependent XRD patterns for all three samples show that they have the same martensite crystal structure and austenite crystal structure. Representative results for Sample C in the temperature region of the martensite and austenite phases are shown in Fig. 2 . The signature (1 1 1 Table 1 : The corresponding experimental results of our three samples are shown. J and T C are estimated from the hightemperature Curie-Weiss fits, and Tm (martensitic transition temperature) is defined as the maximum position of the specific heat measured while heating. The volume changes, ∆V = V 400K − V 100K , are determined from the X-ray diffraction.
at 2θ = 6.8 degrees of the Heusler-type L2 1 order in austenite is absent in Fig. 2 , which confirms the statistical disorder occupancy between Mn and In atoms. Hence we conclude the domination of cubic B2 structure and this is consistent with previous studies [24, 25] . Rietveld refinements were performed using GSAS software [26, 27] and the lattice constants from the refinement are tabulated in Table 2 . The results in the temperature region of the martensite phase (100 K) show the 6M modulated structure (illustrated in Fig. 1 , space group: P 2/m), as previously reported [14, 21, 28, 29] while 10M and 14M modulated structures for similar compositions have also been reported [15, 17, 30] . Our results indicate that the 6M martensite structure persists for samples tuned across this compositional range through which the austenite changes from ferromagnetic to paramagnetic just above the structural transition, even though the lattice contribution to the transformation entropy has been shown to undergo a large change across this range [12, 31] .
As the temperature rises, these crystal structures transform from monoclinic to cubic. We observe similar cubic lattice constants for the austenite phase (400 K) of three samples as shown in Table 2 . The resulting volume changes across the martensitic transition from 100 K to 400 K are also shown in Table 1 . These changes follow the ordering A > B > C, which is in line with the maximal magnetic induced entropy estimated from the specific heat shown later.
Magnetic Experiments and Calculation
Iso-field magnetization measurements were carried out using a Magnetic Property Measurement System (MPMS, Quantum Design) on a sample from the center of the homogenized sample plate. Figure 3 shows the temperature-dependent magnetization in 0.05 Tesla. The transition curves, as shown, correspond to the martensitic transformation. The forward (austenite to martensite) transformation is observed on cooling the samples and the reverse transformation (martensite to austenite) is observed on sample heating. The results indicate a transition from a ferromagnetic/paramagnetic austenite to a lowmagnetization martensite upon cooling. However, as we previously demonstrated in Ref. [12] , the martensite phases have a relatively high degree of spin ordering (and hence reduced spin entropy) in a configuration characterized as antiferromagnetic.
The Curie-Weiss law,
where µ ef f = gµ B J(J + 1), T C is the Curie temperature and g = 2, was used to fit the high temperature paramagnetic magnetization curves. This fitted spin value was obtained by assuming that the density of magnetic moments (n) is identical to that of the manganese ions. The fitted results for T C and J are listed in Table 1 . All of these results are in agreement with a local magnetic moment of 4µ B in line with reported studies [30, [32] [33] [34] and are consistent with local magnetic moments in the sample attributed to manganese with negligible moment on other ions. It is interesting that for NiCo-Mn-Sn materials [35] the magnetism exhibits behavior much closer to itinerant magnetism, however in these materials the identical per-Mn moments point to magnetism that is very well represented as composed of local moments on Mn ions. The order of the ratio between martensitic transition and austenite Curie temperature ( Tm /TC) is A > B > C as shown in Table 1 . It is worthy noting that the Curie temperature T C decreases as the increasing of the compositional concentration of Mn, showed in Table 1 . To understand this behavior qualitatively, we calculated the T C of two binary compounds MnNi and MnNi 3 by mapping energy differences onto the general Heisenberg Spin Hamiltonian within density functional theory [36, 37] using the projector augmented wave method [38] implemented in the Vienna ab initio simulation package [39, 40] . The generalized-gradient approximation to the exchange-correlation functional proposed by Perdew, Burke and Ernzerhof [41] was used. By adapting the L2 1 austenite cubic crystal structure, we obtained that the T C of MnNi was less than that of MnNi 3 which explains why T C was decreased as the concentration of Mn atoms is increased in our materials. This gives us some insight that the magnetic exchange coupling is weakened as Mn concentration increases.
Entropy from Specific Heat Measurements
The absolute total entropy of the material can be estimated directly from the integration of the specific heat data
Specific-heat measurements were performed using a Physical Property Measurement System (PPMS, Quantum Design). For temperatures away from the first-order martensitic transition, the conventional 2-τ method [42] was used. For temperatures across the first-order martensitic transitions, the long heating and cooling pulses were used to guarantee the completion of the martensitic transition [12, 13] . The temperature-dependent specific heat results across the martensitic transition are shown in Fig. 4 . By utilizing Eq. 2 and the specific heat results shown in Fig. 4 , the absolute total entropy close to the martensitic transition were estimated as shown in Fig. 5 . Therefore, the maximal magnetic induced entropy (∆S max ) was able to be determined from the entropy analysis by extending and interpolating the straight line shown in Fig. 5 . The results show ∆S max across the first-order martensitic transition to be A > B > C, which is consistent with the volume changes yielded from the X-ray diffraction data above.
Given that the lattice entropy can be approximated by the expression for the temperature region greater than the Debye temperature Θ [43] S L ≈ 3R ln T − ln Θ + 4 3 .
For a first-order magneto-structural transition, this lattice entropy is connected with the change of the Debye temperature due to the first-order structural deformation [43] [44] [45] 
where Θ M is the Debye temperature of the martensite phase, Θ A is the Debye temperature of the austenite phase and γ is Grüneisen parameter. By utilizing Eq. 3 and Eq. 4, we can estimate the lattice entropy change due to the change of the Debye temperature. Usually, γ is between 1 and 3 [46] . By adopting the γ = 2.405 from the Ni-Mn-Sb alloy by the first principle [47] , the resulting lattice entropy changes due to the change of Debye temperature are 4.63 mJ/g-K, 4.38 mJ/g-K and 4.04 mJ/g-K for sample A, B and C respectively. Note that the calculated lattice entropy difference among the samples is much lower than the difference of ∆S max in table 1. Therefore, the major ∆S max difference among samples should be from the different magnetic order change across martensitic transition.
Relative Cooling Power
An important quantity for evaluating the performance of MCE materials is the amount of transferred heat between cold and hot reservoirs in an ideal refrigeration cycle [48, 49] . This is referred to as the relative cooling power (RCP). The estimation of the RCPs come from the integration of the isothermal entropy change
where T cold and T hot are the temperatures of the two reservoirs. Accurate determination for the isothermal entropy change can be obtained from either specific heat in different magnetic fields [50] or fielddependent magnetization in different temperatures by the relation [51, 52] ,
These two methods have proven to be in good agreement recently for Ni-Mn-In Heusler alloys given that the magnetic and calorimetric experiment were performed accurately [13, 53] . Furthermore, Eq. 5 can be rewritten [52] by using Eq. 6
which indicates that RCP can be determined from isothermal magnetic measurements at only two temperatures without knowing the details of the magnetic entropy at points between. Thus, despite the sharp transition in this case, a larger number of magnetic isotherms (including cooling loops below the transformation) was not required for determining the RCPs. We now consider more generally the RCP obtainable in similar alloy systems with the transformation temperature T m closer to T C . As we established, the austenite phases in our Ni-Mn-In materials can be described very accurately as Curie-law paramagnetic with each Mn having a spin fitted to J = 2.0, and ferromagnetic correlations corresponding T C 's listed in Table 1 . Except for the critical region very close to T C in small fields, this gives a good approximation for the spin polarization of samples A and B. For sample C with the structural transformation falling just below the magnetic T C of the austenite, we extended this analysis into the ferromagnetic-ordered phase by using a mean-field description of the magnetization.
The inset of Fig. 6 shows representative spin polarization results obtained following a standard derivation with the mean spin following a Brillouin function containing the applied magnetic field enhanced by the local exchange field [54] . We assumed each Mn to have a local moment with J = 2 and g = 2, coinciding with the magnetization fit. The magnetization is obtained from the average spin using the known moment per Mn, and no adjustable parameters are needed to obtain M dH, which is the integral appearing in Eq. 7. Fig. 6 shows RCP results obtained this way vs. Tm /TC, where the temperature at which the integration is evaluated is assumed to match T m for different compositions along the horizontal axis. In this calculation we also assumed that the martensite-phase contribu- 
Conclusion
In this study, we have prepared materials with three compositions and two of them show the only paramagnetic austenite phase while the other shows ferromagnetic austenite phase. As the Mn concentration decreases, the magnetic stability of the austenite phase is enhanced while structural stability of the martensite phase is reduced, which leads to the change of the ratio between the martensitic transition temperature and austenite Curie temperature (i.e. Tm /TC) from 1.19 to 0.93. The relative cooling power (RCP) enhancement is achieved by tuning the magneto-structural stability through reducing Tm /TC and we confirmed the quantitative validity of the analytic RCP evaluation as a function of Tm /TC reported previously [12] . Note that the reduction of Tm /TC ratio resulted in the enhancement of the relative cooling power but it leads to the reduction of the maximal magnetic induced entropy in the same time. Therefore, compromising consideration should be made during the design of working material for practical applications.
